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Metabolomics have proven highly effective for unravelling the complex metabolomic 
interactions between food and health. 1H-NMR has provided abundant information when the animal 
metabolism response to feed characteristics was evaluated or when the connection between health 
status of people and food composition was investigated. 
As a first step of the PhD work, standard operating procedures (SOPs) were setup to 
investigate the metabolome of serum, feces, urine and meat by means of 1H-NMR. The SOPs were 
outlined so to be of general applicability for metabolomics investigation of any animal. 
The SOPs gave the opportunity to face new projects which highlighted effects of food on the 
metabolism of animals and humans. In order to gain confidence about metabolomic investigations 
on animal studies, a simple trial focused on arginine supplementation for broiler chickens was setup 
at the first stage. We found that arginine supplementation improved food efficiency in fast-growing 
broiler chickens. Second, a complex trial relating to probiotics administration for horses was 
performed. Such trial was considered as an intermediate step to provide references for the final goal. 
As a result, some potential biomarkers suggested that a likely mechanism was linked to the change 
of energy source in muscle from carbohydrates to short-chain fatty acids. 
Finally, the effects of probiotics on human health was investigated through two experiments 
aiming to provide evidences of probiotic supplementation on the treatments of gastrointestinal 
diseases. It was the first trial aiming to assess safety and efficacy of a mixture of probiotics for the 
treatment of infantile colic in exclusively breastfed infants. We found propylene glycol was 
considered as the potential candidate molecules of individuals supplemented with probiotics. In 
terms of the treatments of symptomatic uncomplicated diverticular disease (SUDD), short chain 
fatty acids production seemed to play a mainstay role in the complex metabolic pathway 
characterizing SUDD patients.   
 
Keywords: Metabolomics, 1H-NMR, Biofluids, Food Metabolome, Food Supplementation, 






Introduction                                                                                                      3 
Metabolomics……………………………………………………………………….…....4 
Platforms for metabolomic investigations...….………………………………………….4 
Standard Operating Procedure (SOP) for NMR-based Metabolomics Investigations…..5 
    The effect of food on animal metabolism…….………………………………………....6 
    The effect of food on human health…………..………………………………………....7 
Aims of the study                                                                                            10 
SOP for NMR-based Metabolomics Investigations                                    12 
Yak common biofluids and meat…..……………..…………………….……………....13 
The effect of food on animal metabolism                                                     22 
Arginine Supplementation for Broiler Chickens.....……………………………………23 
Probiotic Supplementation for Horses...…………..……………………………….…...26 
The effect of food on human health                                                              30 
Probiotics administration for the treatment of infantile colic….………………..….......31 
Probiotics administration for the treatment of SUDD………………………………….33 
Conclusions                                                                                                    35 



























Metabolomics is a powerful systems biology approach that aims to measure simultaneously 
all the low molecular weight metabolites (<900 Da) present in a biofluid or tissue. This approach to 
global untargeted and non-selected characterization of the metabolic phenotype allows the study of 
multidimensional biochemical responses of complex biological systems to genetic or environmental 
stimuli 1. Metabolic profiling captures information from both intrinsic (genetics, protein expression) 
and environmental inputs (diet, gut microbiota), providing holistic information on the global system. 
This strategy has proven highly effective for unravelling the complex metabolic interactions 
between the food characteristics and health. Hence, metabolomics is a tool of particular interest to 
food researchers, given the vast impact of the gut microbiome on the bioavailability of food, 
medication and energy 2. Metabolomics, along with other ‘omic’ approaches such as genomics, 
proteomics and transcriptomics, is increasingly showing potential in clinical settings as both a 
screening tool and a mean for mechanistic elucidation of disease pathways 3–5. Metabolomics could 
be applied in an untargeted fashion, by using no selection or extraction of metabolites up-front to 
investigate all possible variables. Such systematic characterization is advantageous in metabolomics 
studies in which no prior information about metabolites is known or in which it still remains to be 
established whether several metabolites are linked to factors such as toxicity or disease 6. 
Platforms for Metabolomic Investigations 
Nowadays, nuclear magnetic resonance (NMR), liquid chromatography coupled to mass 
spectrometry (LC-MS) and gas chromatography coupled with mass spectrometry (GC-MS) are the 
three most used analytical approaches for metabolomic investigations. Each analytical platform has 
its own advantages and shortages, as summarized in Table 1.  
Table 1. Summary of important advantages and limitations of NMR and MS in 
metabolomics applications. 
 NMR Mass Spectrometry 
Reproducibility High Low 
Sensitivity Low High 
Sample measurement 
All metabolites at a detectable 
concentration level can be 
observed in one measurement. 
Different ionization methods are 
required to maximize the number 
of detected metabolites. 
Sample preparation Minimal sample preparation. More demanding. 
Sample recovery Nondestructive 
Destructive but less amount of 
sample is need. 
Quantitative analysis Easy and directly Complex 
Number of detectable Identify less than 200 metabolites Detect thousands of different 
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metabolites metabolites and identify several 
hundred 
Targeted analysis 
Both targeted and untargeted 
analyses, but commonly used for 
untargeted analyses. 
Superior for targeted analyses 
 
In particular, high-resolution proton nuclear magnetic resonance (1H-NMR) spectroscopy, 
when applied to metabolomic studies, has provided significant information when connections 
between health status of people and dietary habits were looked for 7,8. It requires little or no sample 
preparation, it is cost effective, unbiased, rapid, robust and reproducible, quantitative, nonselective 
and nondestructive. A limitation of this analytical platform could be traced in the sensitivity, lower 
than the one of other techniques such as MS, which grants the generation of useful information 
from smaller samples 9. 
An NMR profile contains qualitative and quantitative information on hundreds of different 
small molecules present in a sample at 1mM concentration 10. NMR-based metabolomics, when 
untargeted, makes no assumption on the identity of the metabolites that are relevant for the selected 
study because information on the significant metabolic pattern features is directly obtained through 
statistical analysis of the NMR profiles 11. 
Standard Operating Procedure (SOP) for NMR-based Metabolomic Investigations 
Some physico-chemical properties of the samples are known to affect the NMR-based 
molecular profile, such as pH of sample, ionic strength, sample storage, concentration of analyte 
and reference, solubility and chemical interaction. Among the above properties, the pH of the 
sample plays a significant role in quantitative analysis. In fact, change in sample pH may cause a 
drift in the chemical shift of the desired signal, which may lead to overlapping of signals in the 
spectrum. For example, Miyataka et al. has evaluated the effect of pH on 1H-NMR spectroscopy of 
mouse urine, but only focusing on citrate and trimethylamine 12.  Xiao et al. has set up an optimized 
buffer system for NMR-based urinary metabolomics with effective pH control, chemical shift 
consistency and dilution minimization, which has been based on nine metabolites, namely acetate, 
hippurate, citrate, creatinine, DMA, TMA, glycine, histidine and urea 13. From a review of the 
papers published on the topic, it seems that a limited number of researchers has been keen to 
investigate such potential source of error in metabolomics investigations, so that there is still the 
need for works that pay deeper attention to such issues. 
Nowadays, the applications of NMR-based metabolomics are widespread, with publications 
appearing in many disciplines. However, the studies conducted still rarely follow specific and 
consolidated SOPs, so that results are hardly comparable, and the experiments are poorly 
6 
 
reproducible. Such phenomenon is crystal-clear, for example, when papers studying tea infusion 
metabolome are considered.  
Most of papers published about NMR-based tea infusion metabolome follow a quite similar 
scheme. Fujiwara et al. analyzed 176 kinds of tea samples by extracting tea infusion at 75 ℃ for 3 
minutes through an NMR-based metabolomic approach, but the final pH of the samples were not 
stated 14. In order to evaluate the metabolomic profiling variances of green tea growing in three 
different areas, Lee et al. extracted tea samples at 60 ℃ for 30 minutes, and adjusted the final 
sample pH was equal to 7.0 before 1H-NMR analysis 15. The same researcher also published two 
papers in 2011 referring to tea metabolome, while the final sample pH was adjusted to 6.40 16 and 
5.53 17 respectively. Moreover, Lee et al. in 2015 published another 1H-NMR-based metabolomic 
paper to investigating the geography effect on green tea metabolites with the lack of final sample 
pH information 18.  
We can see that even though many remarkable papers have been published, due to lack of 
SOP many key parameters are misleading or described insufficiently. Therefore, it is difficult for 
other researchers to follow their strategies, and even to set up comparative metabolomic 
investigations. For the other biomaterials, such limitations would also be faced through NMR-based 
metabolomic investigations. 
In order to facilitate the development of metabolomics studies, it is not only necessary for us 
to publish data and conclusions for our current research, but also to provide a reference database for 
the further investigations. That’s why, it is crucial for metabolomics publications to contribute to 
enrich metabolomics repositories, which is the best way to share and reuse data. According to the 
Metabolomics Standards Initiative (MSI) 19, these metabolomics databases should be open and 
ensure data traceability, reproducibility and interoperability. Among the high-throughput platforms 
employed for metabolomics, proton nuclear magnetic resonance (1H-NMR) spectroscopy has been 
described as perfectly tailored for this purpose 20, because magnetic field, solvent and pulse 
sequence employed are the only variables modulating an NMR spectrum, thus granting a high 
reproducibility 21. In order to maximize the advantages of 1H-NMR, it is crucial to set up NMR-
based SOP, which is considered as the fundamental step for the further researches.  
The effect of food on animal metabolism 
Untargeted metabolomics observations can give simultaneously information about many 
aspects of animal metabolism. This surprising versatility allows to address through a single 
approach many important questions in animal science. Therefore, metabolomics is playing an 
increasingly important role on animals related researches. Particularly, the advantages of 
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metabolomics to noninvasively monitor subtle phenotypic changes, congenital phenotypic tendency 
and dietary effects makes it a powerful tool for evaluating the connection between food related 
metabolome and animal metabolism. Till now, there has been a abundant of publications focused on 
animal metabolomics that have obtained comprehensive results exploring how metabolomics and 
molecular-based phenotyping can help veterinarians, farmers, animal industry and researchers. 
Jung et al. successfully distinguished beef originating from four countries by means of 1H-
NMR-based metabolomics and several metabolites including various amino acids and succinate 
were found to be possibly regarded as biomarkers for discriminating the geographical origin of beef 
22. Kodani et al. obtained NMR-detected profiles of beef in Japanese black cattle with long-term 
aging duration, some linear correlations were found between concentration of molecules and aging 
duration 23. Ritota et al. obtained metabolomic profiles of longissimus dorsi and semitendinosus 
muscles of four different cattle breeds by applying HRMAS-NMR, and excellently discriminated 
the muscle type between Buffalo and Chianina 24.  Zanardi et al. performed a 1H-NMR based 
metabolomic profiling on non-irradiated and irradiated beef, three metabolites, namely glycerol, 
lactic acid esters and tyramine or a p-substituted phenolic compound, were found as important 
biomarkers for classification of the irradiated and non-irradiated beef samples through multivariate 
data analysis 25.  
Metabolomic investigations are not only suitable for characterizing animal products 
themselves, but they can also provide quantitative information for molecules in serum, urine and 
feces, in order to deeply understand the mechanisms of the connection of food characterization and 
animals’ metabolism.  
Hong et al. set up a 1H-NMR-based metabolomic assessment to evaluate probiotic effects in 
a colitis mouse model and found that the short chain fatty acids in feces of mice fed with probiotics 
increased comparing to the control group. Hence, the researchers concluded that the probiotics have 
protective effects against dextran sulfate sodium (DSS) induced colitis via modulation of the gut 
microbiota 26. Martin et al. found that human baby microbiota (HBM) mice model differed from 
conventional and conventionalized microbiota mice models linked to lower short chain fatty acids, 
5-aminovalerate, lactate and oligosaccharides, while higher choline and bile acids by 1H-NMR 
based fecal metabolomic investigations. In addition, probiotics administration of HBM mice was 
related to a particular amino acid pattern that can be connected to L. paracasei proteolytic activities, 
which enhanced a specific metabolism of carbohydrates, proteins and SCFAs 27. 
The effect of food on human health 
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Biofluids, such as urine, feces and serum, are well used to evaluate the effects of food on 
humans by means of 1H-NMR. Among these biofluids, urine appears to be particularly useful. It is 
readily available, abundant, simple collectable, easily stored and noninvasive techniques. What’s 
more, because of its chemical complexity, urine is particularly full of potential biomarkers coherent 
to various diseases. This makes it an important biofluid for monitoring or detecting disease 
processes. Foschi et al. characterized the urine metabolome of women with Chlamydia trachomatis 
(CT) uro-genital infection, comparing it with a group of CT-negative subjects and successfully 
identified several metabolites whose concentrations were significantly higher in the urine samples 
of CT-infected women 28. Fresno et al. showed urinary metabolomic fingerprinting after 
consumption of a probiotic strain in women with mastitis, the concentrations of three molecules, 
namely creatine, hippurate and trimethylamine N-oxide, were altered after 21 days of probiotic 
administration 29. Capuani et al. found that probiotic treatment affected changes in non-alcoholic 
fatty liver disease (NAFLD) urinary metabolome mainly at level of valine, tyrosine, 3-
aminoisobutyrate, pseudouridine, methylguanidine. Secondarily it altered at the level of 2-
hydroxyisobutyrate through 1H-NMR approach 30.  
These advantages mentioned above also apply to feces samples. The metabolic composition 
of fecal extracts can also provide a window for elucidating the complex metabolic interplay 
between mammals and their intestinal ecosystems, and these metabolite profiles can yield 
information on a range of gut diseases. Lin et al. used 1H-NMR based metabolomic approach to 
profile fecal metabolites of colorectal cancer (CRC) patients and healthy controls, CRC patients at 
various stages were clearly distinguished comparing to those in cancer free controls in terms of 
reduced levels of acetate, butyrate, propionate, glutamine, glucose and higher abundant of alanine, 
valine, succinate, proline, dimethylglycine, isoleucine, leucine, glutamate and lactate 31.  
Serum is also considered as one of the widely used common biofluids for metabolic 
investigations. Serum is a readily accessible and informative biofluid, making it ideal for early 
detection of a wide range of diseases. Metabolite profiles of serum can be regarded as important 
indicators of physiological and pathological states and may aid understanding of the mechanism of 
disease occurrence and progression on the metabolic level, and provide information enabling 
identification of early and differential metabolic markers of disease. Analysis of these crucial 
metabolites in serum has become important in monitoring the state of biological organisms and is 
widely used for diagnosis of disease. Pedersen et al. found that the serum metabolome of insulin-
resistant subjects is characterized with higher levels of branched-chain amino acids (BCAAs), 
which connect to a gut microbiome which can be produced  a large abundant of BCAAs 32. Liu et al. 
identified obesity-associated gut microbial species linked to changes in serum metabolome. In detail, 
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the abundance of Bacteroides thetaiotaomicron, a glutamate-fermenting commensal, was markedly 
decreased in obese individuals and was inversely correlated with serum glutamate concentration 33. 
Maclntyre et al. found that serum metabolic profiles of chronic lymphocytic leukaemia (CLL) 
exhibited higher concentrations of pyruvate and glutamate and decreased concentrations of 























Chapter 2. Aims of the study 
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Firstly, the design of robust SOPs for the investigation of the metabolome of human and 
animal biofluids by 1H-NMR was faced. In fact, extrapolating molecules concentrations from 1H-
NMR spectra can be severely disturbed by shifts of the signals mainly caused by ionic strength and 
pH. The design of handy SOPs for different kinds of samples manipulation is therefore a key step to 
generate robust databases. Hence, the NMR-based SOP can be considered as the fundamental step 
for the next investigation, and obviously, as the first objective of the PhD thesis. 
Secondly, the effect of food on animal metabolism was evaluated through an NMR-based 
metabolomic approach, particularly for arginine supplementation for broiler chickens and probiotic 
supplementation for horses.  
Finally, I paid attention to the effect of food on human health, in terms of probiotic 
administration for the treatments for gastrointestinal diseases. 
The present PhD project resulted in the publication of six peer-reviewed papers which were 
aimed at studying: 
• Standard Operating Procedure (SOP) for NMR-based metabolomic investigations (Paper I 
and Paper II); 
• The effect of food on the animal metabolism (Paper III and Paper IV); 
• The effect of food on human health (Paper V and Paper VI).  
 
The following sections of the PhD thesis are aimed at highlighting the main findings of each 
aim. In detail, chapter 3 summaries the NMR-based SOPs for urine, feces, serum and meat samples, 
as the fundamental step for following metabolomic investigations. The effects of food on the animal 
metabolism are described in the chapter 4. Finally, chapter 5 is dedicated to the introduction of the 




















Chapter 3. SOP for NMR-based Metabolomics Investigations 
 
This chapter is devoted to the experiments that aimed to set up 1H-NMR based SOPs 
specific for the study of serum, urine, feces and meat metabolome. For the purpose, yaks have been 
selected due to the limited information of their common biofluids and meat metabolomic profiles by 
means of 1H-NMR.  
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Yak (Bos grunniens) is considered as a very special species of ruminant. Because it 
represents one of the main sustaining food sources for the Tibetan people who live in Himalayas 
region, with an altitude variance between 2500 to 5500 m with mostly above the tree line and no 
frost-free periods. Therefore, its genetic evolution adaptive to the harsh conditions has led to larger 
lungs and heart, and a more abundant erythrocyte count, compared to the cattle (Bos taurus) 35, so 
as to a more efficient nitrogen and energy utilization 36,37. Due to the above reasons, yak is regarded 
as an suitable model animal in order to study adaptation mechanisms to harsh conditions whereas a 
paucity of oxygen, low temperatures and energy sources. Its peculiar energy metabolic properties 
and gene expressions 38 have positive consequences also on the meat quality characteristics, 
specifically on tenderness, juiciness and leanness 39. These appreciable properties seem to be mainly 
regulated by three muscles’ physiological features. Firstly, yak meat shows, throughout all the 
maturation steps, an intense protease activity 40, causing a pronounced myofibrillar denaturation and 
fragmentation in correspondence to the Z-line 41. In addition, the final pH of yak meat is peculiarly 
distant from the isoelectric point 42. Moreover, yak shows a lower intramuscular fat content in 
comparison with beef. 
Despite these peculiarities, yak has rarely been studied by means of an “omics” approach. 
One reason for the limited works may be the inconvenient accessibility of the geographical areas 
where the yaks are grazed, generally following traditional practices. Several works can be found in 
terms of yak milk 43–46 and yak genome 5,35,47, with just one work that simply described the 
characteristics of yak meat 48.  
In this chapter, we would like to setup the NMR based SOPs for serum, urine, feces and 
meat by using yak samples. Furthermore, it was also possible for me to set the basis for the 
development of metabolomics investigations of yak’s common biofluids and meat, by outlining 
their metabolome, as can be observed by 1H-NMR. 
First of all, we created an NMR analysis solution with 3-(trimethylsilyl)-propionic-2,2,3,3-
d4 acid sodium salt (TSP) 10 mM in D2O, as an NMR chemical-shift reference, and then buffered at 





Figure 1. 1H-NMR based SOP for serum sample 
 
We thawed and centrifuged 1 mL of serum original sample for 15 min at 18,630 g and 4 °C. 
And then 0.50 mL of supernatant was moved to a new Eppendorf tube by adding 0.10 mL NMR 
analysis solution, as shown in Figure 1. Finally, we centrifuged the obtained samples again at the 
above conditions prior to NMR analysis. 
 
Figure 2. 1H-NMR based SOP for urine sample 
 
We thawed and centrifuged original urine samples for 15 min at 18,630 g at 4 °C. And then 
0.35 mL supernatant was added to 0.35 mL of bi-distilled water with 0.20 mL of NMR analysis 
solution, as shown in Figure 2. Finally, we centrifuged the obtained samples again at the above 




Figure 3. 1H-NMR based SOP for feces sample 
 
Firstly, we vortex mixed 80 mg of stool with 1 mL of deionized water for 5 min and then we 
centrifuged the obtain samples for 15 min at 18,630 g and 4 °C. Secondly, we added 0.70 mL of 
supernatant to 0.20 mL of NMR analysis solution. Finally, we centrifuged the obtained samples 
again at the above conditions prior to NMR analysis. 
 
Figure 4. 1H-NMR based SOP for meat sample 
 
We add 0.5 g meat to 3 mL distilled water, and then homogenized the mixture for 2 min by 
using a high-speed disperser (IKA, USA). One milliliter of the mixed sample was centrifuged at 
18630 g and 4°C for 15 min. To get rid of fat substances from samples, 0.7 mL of supernatant were 
transferred to a new Eppendorf tube with 0.8 mL chloroform added before, vortex mixed for 3 min 
and centrifuged again. The supernatants (0.5 mL) were added to 0.2 mL of NMR solution. Finally, 
we centrifuged the obtained samples again at the above conditions prior to NMR analysis. 
As a result, we were able to identify and quantify 56 molecules in yak serum, 49 in feces, 68 
in urine and 53 in meat, as shown in Table 2 — nearly a twofold increase by comparing with 
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previous works on cattle 49,50, giving information about energy generation, protein digestion, diet or 
gut-microbial co-metabolism. 








1,3-Dihydroxyacetone 4.4122 CH2 s D Serum, Meat 
2,6-Dihydroxybenzoate 6.4221 CH-2 d D Urine 
2-Aminobutyrate 0.9648 CH3 t P Serum 
2-Hydroxy-3-methylvalerate 0.9310 CH3-9 d P Urine 
2-Hydroxybutyrate 0.8859 CH3 t P Serum 
2-Hydroxyisobutyrate 1.3478 CH3 s D Urine 
2-Hydroxyisovalerate 0.8244 CH3 d P Urine 
2-Hydroxyvalerate 0.8970 CH3 t E Urine 
2-Oxoisocaproate 2.6038 CH2 d P Feces 
2-Oxovalerate 0.9037 CH3 t D Meat 
3-Hydroxybutyrate 1.1863 CH3 d E Serum, Urine, Feces 
3-Hydroxyisobutyrate 1.0503 CH3 d P Serum, Urine 
3-Hydroxyisovalerate 1.2585 CH3 s P Urine 
3-Hydroxyphenylacetate 3.4718 CH2 s P Urine 
3-Indoxylsulfate 7.6894 CH-6 d D, P Urine 
3-Methyl-2-oxovalerate 1.1042 CH3-9 d P Urine 
3-Methylglutarate 0.9095 CH3 d P Urine 
3-Methylhistidine 7.1366 CH-5 s P Serum 
3-Phenylpropionate 2.8659 CH2-7 m p Urine, Feces 
4-Hydroxybutyrate 2.2051 CH2-3 m P Meat 
4-Hydroxyphenylacetate 6.8582 CH-3 d D Urine, Feces 
Acetate 1.9071 CH3 s P Serum, Urine, Feces, Meat 
Acetoacetate 2.2688 CH3 s E Serum, Feces, Meat 
Acetoin 1.3583 CH3-3 d E Feces, Meat 
Acetone 2.2178 CH3 s E Serum, Feces 
Adenosine 8.3436 CH-7 s P Urine 
Alanine 1.4675 CH3 d P Serum, Urine, Feces, Meat 
Allantoin 5.3643 CH s P, M Urine 
Anserine 8.3554 CH-3 s D Meat 
Arabinose 4.5038 CH-2 d M, E Serum 
Arginine 1.9229 CH2-6 m P Serum 
Ascorbate 4.5072 CH d D, E Urine 
Asparagine 2.9282 CH2 dd P Serum 
Aspartate 2.7842 CH2 dd P Serum, Feces 
beta-Alanine 2.5558 CH2-4 t P Serum, Urine, Meat 
Betaine 3.8894 CH2 s P Serum, Urine, Meat 
Butyrate 0.8818 CH3 t E Feces 
Carnitine 3.2208 CH3 s E Serum, Feces, Meat 
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Carnosine 8.3087 CH-3 s D Meat 
Choline 3.1888 CH3 s E, P Serum, Feces, Meat 
cis-Aconitate 3.1089 CH2 d E Urine 
Citrate 2.5093 CH2 d P Serum, Urine, Meat 
Creatine 3.0222 CH2 s P Serum, Urine, Feces, Meat 
Creatinine 3.0325 CH3 s P Serum, Urine, Meat 
Dimethyl sulfone 3.1391 CH3 s D, M Serum, Urine, Feces, Meat 
Dimethylamine 2.7117 CH3 s P Serum, Urine 
Dimethylglycine 2.9124 CH3 s E, P Serum, Urine, Meat 
Ethanol 1.1699 CH3 t E, M Serum, Urine, Feces 
Ethylmalonate 1.7091 CH2 m E Urine 
Formate 8.4446 CH s E Serum, Urine, Feces, Meat 
Fucose 1.2024 CH3 d E Urine, Feces 
Fumarate 6.5090 CH-5 s E Serum, Feces, Meat 
Galactarate 4.2597 CH s E Urine 
Galactose 4.5825 CH-2 d E Feces 
Gluconate 4.1362 CH-9 d E Urine 
Glucose 3.2233 CH-2 dd D, E Serum, Urine, Feces, Meat 
Glucose-1-phosphate 5.4459 CH dd D Meat 
Glutamate 2.0606 CH2-6 m P Serum, Feces, Meat 
Glutamine 2.4430 CH m P Serum, Urine, Meat 
Glutarate 2.1540 CH2 t E, P Urine, Feces 
Glutathione 2.9438 CH2 m P Meat 
Glycerol 3.5664 CH2 dd E Serum, Feces, Meat 
Glycine 3.5533 CH2 s P Serum, Urine, Feces, Meat 
Guanidoacetate 3.7782 CH2 s P Urine, Meat 
Guanosine 5.8929 CH-2 d P Urine 
Hippurate 3.9607 CH2 d P Urine 
Hypoxanthine 8.1981 CH s M Meat 
IMP 8.3404 CH s M Meat 
Inosine 4.4293 CH s M Meat 
Isobutyrate 1.0473 CH3 d M Urine, Feces 
Isocaproate 1.4133 CH2-5 m E Urine 
Isoleucine 1.0020 CH3-9 d P Serum, Urine, Feces, Meat 
Isovalerate 0.9030 CH3 d P Feces 
Lactate 4.1059 CH dd E Serum, Urine, Feces, Meat 
Leucine 0.9356 CH3-9 d P Serum, Feces, Meat 
Lysine 3.0077 CH2-9 t P Serum 
Malate 2.3517 CH2 dd E Meat 
Malonate 3.1199 CH2 s D, E Urine, Meat 
Mannose 5.1767 CH-6 d E Serum, Meat 
Methanol 3.3481 CH3 s E Serum, Urine, Feces, Meat 
Methionine 2.6178 CH2-3 t P Serum, Feces, Meat 
Methylamine 2.5878 CH3 s D Urine, Feces 
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Methylsuccinate 1.0742 CH3 d P, E Serum, Urine 
myo-Inositol 4.0585 CH-2 t E Serum, Urine, Meat 
N-Acetylglucosamine 5.1989 CH d E, P Feces 
N-Carbamoylaspartate 2.6698 CH2 dd P Serum 
Niacinamide 8.7017 CH m M Meat 
N-Methylhydantoin 2.9129 CH3 s P Feces 
N-Phenylacetylglycine 3.6605 CH2-11 s P Urine, Feces 
O-Acetylcarnitine 2.5157 CH2 dd P Meat 
O-Acetylcholine 3.2081 CH3 s E Feces 
O-Phosphocholine 3.1977 CH3 s E Feces 
Ornithine 3.0440 CH2-8 t P Serum 
p-Cresol 6.8170 CH-2 d P Urine 
Phenylacetate 7.2826 CH-4 m P Feces 
Phenylalanine 7.3669 CH-4 t P Serum, Feces, Meat 
Proline 1.9998 CH2-3 m P Serum, Meat 
Propionate 1.0292 CH3 t P Feces 
Propylene glycol 1.1227 CH3 d E Serum, Urine 
Pyruvate 2.3573 CH3 s E Serum, Urine, Meat 
Sarcosine 2.7262 CH3 s P Serum, Urine 
Serine 3.9555 CH2 dd P Serum, Feces 
Serotonin 3.3023 CH2 t P Urine 
Succinate 2.3933 CH2 s P, E Serum, Urine, Feces 
Tartrate 4.3311 CH s D Urine 
Taurine 3.2368 CH2-6 t P Urine, Meat 
Threonine 3.5838 CH-4 d P Serum, Feces, Meat 
Tiglylglycine 6.4968 CH m P Urine 
trans-Aconitate 6.5814 CH s E Urine 
Trehalose 5.1837 CH s E Feces 
Trigonelline 4.4165 CH3 s D Urine 
Trimethylamine 2.8226 CH3 s D Serum, Urine, Meat 
Trimethylamine N-oxide 3.2589 CH3 s D Urine 
Tyrosine 7.1776 CH-3 d P Serum, Urine, Feces, Meat 
UMP 5.9755 CH s M Meat 
Uracil 5.7903 CH-5 d P Serum, Feces 
Uridine 5.9079 CH-2 d P Serum, Meat 
Valerate 0.8756 CH3 t D Feces 
Valine 1.0206 CH3-7 d P Serum, Urine, Feces, Meat 
Xanthine 7.9336 CH s M Meat 
Xanthosine 5.8460 CH-2 d P Urine 
Xylose 4.5781 CH-2 d E Urine 
* D stands for dietary metabolites, P stands for protein and amino acid metabolism, E stands for energy metabolism 
and M stands for gut microbial co-metabolism 51 
Yak – Serum Among the quantified molecules in yak serum, lactate is the most abundant 
metabolite. In cattle, its presence has mainly produced by ruminal microflora 52. Its abundance 
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together with pyruvate in yak serum seems play a particular role, which is a direct consequence 
linked to the low oxygen levels adaptation 53–55. In fact, hypoxia triggers a alteration towards 
anaerobic energy generation connected to an active withdrawal of pyruvate from the Krebs cycle to 
lactate production 56–58.  
Yak – Feces Fecal metabolome can open a window for investigating the complex metabolic 
interactions between mammals and their intestinal ecosystem. In addition, the metabolomic profiles 
can grant information on a variance of gut conditions 58. It’s worth to notice that, adjusting the total 
concentration of the molecules identified in the feces samples equal to 100, three short chain fatty 
acids (SCFAs) weighted 75.17%, namely acetate, butyrate and propionate. In cattle rumen, SCFAs 
are mainly attributed by the microbial fermentation of fiber polysaccharides, which may be 
regarded as an important role linked to the efficient absorbing energy from plants tissues 59. Zhang 
et al. who compared animals that were genetically adapted and non-adapted to high altitudes, was 
recently found this efficiency was likely to be mediated by ruminal microbiome selection 60.  
Yak – Urine Creatinine was the most abundant molecule quantified by 1H-NMR in yak 
urine. It is synthesized linked to the absorption of creatine phosphate by the muscles, and then 
released to serum, finally cleared by kidneys. In the studies of cattle, creatinine has been found to be 
proportional to muscle activity, as a particular reference to heart and respiration rates 61, but its 
concentration is higher in yak compared to cattle 35. Hippurate and phenylacetylglycine were the 
second and third most abundant molecules quantified in yak urine. According to Kaur et al., these 
molecules are considered as urinary metabolomic biomarkers linked to hypobaric hypoxia 62. 
Koundal et al. setup a mouse model to investigate the variations of mice urinary metabolomics in 
response to hypobaric hypoxia. TCA and taurine metabolism were addressed as important pathways 
which might be altered by hypobaric hypoxia-induced pathophysiology. Such evidences are in 
accordance with our findings. Hippurate and phenylacetylglycine are classified as molecules linking 
to gut microflora metabolism and those lower concentrations indicating decreased gut microflora 
also has been demonstrated. In ruminants, the purine derivative allantoin is considered as a 
candidate of nitrogen clearance, which is produced by uric acid through uricase. In adaption of the 
harsh forage conditions, yaks expel through urine a lower level of purine derivatives 36, with 
mechanisms related to nitrogen recycling, which are likely connected to the low level of 
degradation of nucleic acids through rumen microbiota 63. 
Yak – Meat Yak meat samples were collected from longissimus thoracis (LT), 
exemplificative of muscle rich in white fibers, from trapezius (TP) exemplificative of muscle rich in 




Figure 5. rPCA model built on the concentration of the molecules which showed a statistically 
significant difference among different groups. In the scoreplot (A), samples from the three groups 
are represented with triangles (LT), circles (TB) and squares (BF). The empty circles represent the 
median values of each group. Boxplot (B) summarized the position of the samples along PC1. The 
loading plot (C) shows the correlation between each molecule concentration and its importance over 
PC 1. (Figure 2 in Paper II) 
 
A total of 53 molecules was identified and quantified in yak raw meat. Due to the limited 
number of TP samples, only LT, TB and BF groups were involved in the univariate analysis. 
Among them, twelve of them were found to be differently concentrated in relation to muscle type 
through ANOVA followed by Tukey HSD test. On the basis of the above molecules, an rPCA 
model was setup to have an overall view of the data, as shown in Figure 5. LT, compared to BF, had 
higher concentrations of carnosine and formate and lower concentrations of mannose, inosine, 
threonine, IMP, alanine, valine, isoleucine, tyrosine, phenylalanine and leucine. 
LT is characterized by a peculiarly high number of white, fast-twitching glycolytic fibers. 
TP, at the opposite, harbors a higher number of slow-twitching oxidative fibers, while TP brachii 
and BF can be considered as intermediate between the two 64–66. Carnosine content is known to 
reflect the ratio between glycolytic and oxidative fibers, being higher in white muscles, where it 
grants a high buffering capacity, compensating for the lactic acid accumulation connected to the 
anaerobic metabolism 67. The concentration of this histidine-containing dipeptide we measured was 
coherent with such findings, being in LT muscle 42% higher than TB and 24% higher than BF. The 
comparison of the trends between TP and LT seems a further confirmation, with the former 
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characterized by higher concentration than the latter, in agreement with the observations in beef by 
Aristoy et al. 68. From this point of view, some discrepancies in the literature must be evidenced. 
Mora et al. 69, for example, found in pigs similar carnosine concentrations in LT and BF, likely in 
connection with peculiarities connected to species and environment. Environment is expected to 
play a key role in the physiological differences between yak and other species or cattle breeds, with 
yak perfectly adapted to graze in steep slopes and harsh environment. 
Univariate analysis showed that the muscle type had a profound effect on the amino acids 
overall profile, with significant effects on the concentration of 7 amino acids of the 14 measured. 
Moreover, enrichment analysis showed that all the mostly altered pathways were related to amino 
acids metabolism. A similarly profound effect of muscle type on amino acids profile has been 
observed also for cattle 70, with consequences on important characteristics for meat quality, like 
oxidative stability. 
The fact that each of the 7 amino acids showed a negative correlation with PC 1 scores 
suggests that the main reason for such trend is linked to the use of the muscles, more intense for 
legs and neck. The concentration of the each of them was statistically different between BF and LT. 
Generally, TB showed intermediate values. An exception was represented by alanine, differently 
concentrated between TB and LT. Alanine is a non-essential amino acid, highly concentrated in 
muscles, where it serves as one of the major energy sources 71. Goldstein et al. 72 noted that the 
release of alanine by muscle is a metabolic consequence of both the initial transamination reaction 
and the conversion of the keto acid into pyruvate, via the normal oxidation pathway for the amino 
acids. In vivo, alanine can be produced from the breakdown of carnosine 73, what could explain the 
inverse relationship between the concentration of alanine and carnosine we noticed in the present 
investigation. 
IMP pertains to the molecules deriving from purines, often produced by ATP hydrolysis 
during the aging process of beef samples 74. Dannert et al. 75 found that the concentration of IMP is 
not significantly different among the LT, BF and semimembranosus muscles of pork carcasses 
sampled 48 hours post-mortem. At the opposite, we found in yak that the concentration of IMP was 
significantly higher in BF than in LT. Such discrepancy suggests that the degradation phenomena 


















Chapter 4. The effect of food on animal metabolism 
 
This chapter shows the main results of two experiments aimed to investigate the effect of 
food on animal metabolism, particularly for arginine supplementation for chickens and probiotic 
supplementation for horses. 
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Arginine supplementation for chickens 
Formulating diets with sufficient amino acid characteristics is a key step to better exploit the 
genetic potential of modern broilers characterized by rapid growth. In addition, amino acid nutrition 
plays a central role in animal health, the welfare and quality of poultry products, and the 
environmental impact and sustainability of the poultry industry 77. To improve feed efficiency and 
to increase breast meat production, modern broilers have been selected for decades 78. This selection 
process, especially for amino acids and proteins, has produced significant changes in their body 
composition and nutritional requirements.  
Arginine plays several crucial roles in variate metabolic, pathophysiological and 
immunological processes in poultry as systematic reviewed by Fernandes and Murakami 79, Khajali 
and Wideman 80 and Fouad et al. 81. Due to the shortage of a functional urea cycle 82, broilers cannot 
synthesize endogenous L-arginine, and therefore it is considered as essential amino acids. In fact, 
chickens rely on a dietary source of arginine, so they should provide adequate amounts of arginine 
in their diet. A specific relationship between arginine and lysine in the diet has been identified, and 
any deficiency or excess will negatively affect plasma and muscle amino acid concentrations, which 
will affect growth performance 83. However, considering the important functions of arginine 
mentioned above, it should be questioned whether the current status of Arg: Lys ratio in the diet is 
sufficient to meet the needs of modern broilers. Lack or excess of arginine can have serious adverse 
effects on animal health, welfare and productivity, and the economic and environmental 
sustainability of the poultry industry. There is also little scientific information on the effect of 
different Arg: Lys ratios on broiler diets on meat quality and onset of dysmyosinosis. Therefore, 
this trial aimed to determine the effect of dietary arginine supplementation on plasma and muscle 
metabolomics profiles of modern broilers. 
1H-NMR spectra were obtained from plasma samples and 62 molecules were quantified. 
Arginine birds (ARG) showed significantly higher levels of plasma arginine and leucine, whereas 
plasma proline, glutamate, adenosine and acetoacetate were more abundant in control birds (CON). 
In order to get an overview of the molecules with the most differences between the groups, these 6 
molecules were used as the basis for the rPCA model, as shown in Figure 6. In parallel with plasma, 
a 1H-NMR spectrum muscle sample was obtained from the breast. Of a total of 37 quantitative 
molecules, 4 metabolites showed significantly different concentrations between the CON and ARG 
groups. The breast muscle of the ARG group showed higher levels of arginine and acetate, while 
lower levels of acetone and inosine. The rPCA model obtained using these four molecules is shown 




Figure 6. rPCA model on plasma molecules selected by univariate analysis showing differential 
trend between CON and ARG groups. In the scoreplot (A), samples obtaines from chickens with 
and without treatment are represented with circles and squares circles respectively. The empty 
circles represent the median values of various groups. Boxplot (B) summarizes the position of the 
subjects along PC1. Loading-plot (C) shows the correlation between each molecule concentration 
and its importance along PC 1. Highly significant correlations (p < 0.05) are highlighted with grey 
bars. (Figure 2 in Paper III) 
 
Figure 7. rPCA model on breast molecules selected by univariate analysis showing differential trend 
between CON and ARG groups. In the scoreplot (A), samples obtaines from chickens with and 
without treatment are represented with circles and squares circles respectively. The empty circles 
represent the median values of various groups. Boxplot (B) summarizes the position of the subjects 
along PC1. Loading-plot (C) shows the correlation between each molecule concentration and its 
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importance along PC 1. Highly significant correlations (p < 0.05) are highlighted with grey bars. 
(Figure 3 in Paper III) 
In terms of metabolomic investigations, rPCA models reported different levels of plasma 
and muscle molecules between groups (Figure 6 and 7, respectively) showing a clear separation 
between different dietary supplementation of arginine. Following these findings, L-arginine 
supplementation in the diet can increase its concentration in plasma and pectoralis major muscles, 
indicating that L-arginine is able to be absorbed by the intestinal epithelium effectively and to enter 
the systemic circulation and reach surrounding tissues such as the pectoral muscles. Arginine in the 
diet is absorbed in the small intestine through sodium-dependent and non-dependent mechanisms, 
the latter showing greater efficacy 84. As most of the arginase activity happens in the kidney 82, a 
large amount of arginine diet may have passed the brush margin and then entered the system 
circulation with limited degradation. Arginine could participate protein synthesis and cell 
proliferation in muscles 81. In addition, a higher level of leucine in plasma in birds taken the 
arginine-supplemented diet. Its higher concentration in plasma has been linked to a greater protein 
synthesis in pig skeletal muscle 85. Similarly, Baeza et al. 86 found a positive correlation between 
Pectoralis major weight and histidine level in plasma, which, in the current study, was higher in 
ARG birds. Taken together, these results indicate that dietary arginine supplements may improve 
the anabolic process of breast muscles through enhanced protein synthesis, which deserves further 
study. In addition, arginine dietary supplements seem to regulate energy and protein metabolism. 
The two ketone bodies, acetoacetate and acetone, show lower concentrations in ARG plasma and 
pectoral muscle, respectively. Ketone bodies can be recruited from the blood circulation through 
surrounding tissues, including breast muscles, and catabolized to produce energy. Therefore, these 
findings may indicate increased ketone body utilization in peripheral tissues in response to dietary 
arginine supplementation. Fouad et al. 81 found that dietary arginine supplementation is able to alter 
chicken body fat deposition. Indeed, Fouad et al. 87 associated the lower abdominal fat deposition 
coherent to the dietary arginine supplementation to both the increasing level of expression of genes 
involved in fatty acid β-oxidation and to the reduced fatty acid synthase gene expression in heart 
and liver, respectively. A potential role of the dietary arginine supplementation on fat and energy 
metabolism has been previously reported also in meat-type ducks 88. Proline and glutamate, both of 
them come from arginine metabolism 79,81, also showed lower levels in ARG birds plasma. In 
mammals, glutamate has been found to be included in a few physiological aspects, such as 
biosynthesis of neurotransmitters and other amino acids, acid-base balance, cell proliferation, gene 
expression and immune function 89. Proline is included in pivotal biological functions related to cell 
metabolism, including regulating gene transcription and cell differentiation, clearing oxidants, 
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protein synthesis and structure, cell signaling and bioenergetics 90. However, in special metabolic 
cases (e.g., nutritional or metabolic stress), glutamate can be involved in gluconeogenesis in kidney 
89 or entering the Krebs cycle 91. Similarly, proline metabolism is able to produce electrons which 
can be involved in the mitochondrial electron transport chain to produce ATP 92,93. Otherwise, 
proline is also able to degraded to produce α-ketoglutarate, an intermediate of the Krebs cycle 91. 
Therefore, it is possible to hypothesize that the lower plasma levels of proline and glutamate in 
ARG birds may because of an increased recruitment and utilization of these amino acids in 
peripheral tissues (possibly the skeletal muscle,) to supply energy precursor for cells. Inosine can be 
produced through ATP degradation, which is able to be converted to hypoxanthine and finally, be 
released into the blood circulation 94,95. Higher plasma concentration of hypoxanthine in ARG birds 
compared to control group suggesting that muscle ATP could be energy supplementation through 
its catabolism within cells. Although there is still limited knowledge of the molecular mechanism, 
increasing acetate concentration in the pectoral muscle suggests that the pathway, namely acetate 
acetate-valproate pathway, is activated to elevate muscle cell development by means of 
triterpenoids and/or steroids. Finally, the adenosine concentration in the plasma of poultry fed a 
supplementary diet was reduced. In mammals, endothelial cells and cardiomyocytes release 
adenosine in plasma in response to ischemia, hypoxia or oxidative stress 96,97. L-arginine has also 
been reported to have critical antioxidant properties 98. Therefore, the decrease in plasma adenosine 
may be related to the potential effects of arginine on the oxidative and hypoxic conditions that may 
occur in the breast muscle of fast-growing broilers. 
 
Probiotic supplementation for horses 
Probiotic supplementation for promoting exercise and training performance, as well as good 
health has more attentions in recent years in sports community 99,100. More than 700 human 
controlled and randomized studies have been performed with probiotics already in 2011 101, mainly 
relating to gastrointestinal performances but also included metabolic, inflammatory, allergic and 
respiratory conditions. In fact, probiotic supplementation was found to modulate cytokines 
production, increase plasma antioxidant, reduce gut permeability and decrease incidence and 
severity of respiratory diseases in human athletes 100,102–106. Unfortunately, these studies have been 
criticized as suggesting that the spectrum of discrete biomarkers in physiology, immunity and health 
is too rich. In addition, these studies are generally considered to lack a practical perspective, 
including transformation results or clinical benefits that can be applied by athletes and coaches 99. 
Probiotics is regarded as a way for health status improving, and in turn performance, has 
successfully applied also on horses, with positive results 107–110. Unfortunately, the ambiguity of the 
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results also seems to influence the choice of formulations for horses, mainly due to tightly 
controlled quality of commercial over-the-counter products and inconsistent strain and dose 
selection 111. Moreover, many formulations increasingly administered for horses have been 
originally designed for humans. This means that any evidence obtained from humans may not apply 
directly to horses. It is particularly true for the genera most commonly used in human probiotic 
formulations (Lactobacillus, Bifidobacterium, and Enterococci). The presence of genera in the horse 
microbiota is lacky acknowledged 111–114. For at least three main reasons, more research is urgently 
needed on specific probiotics for horses. First, the safety and no side effects of probiotic 
formulations designed initially for humans must be evaluated. The first safety assessment will 
reduce the need to bypass specific horse counterparts, reducing manufacturing costs. Second, it still 
has to be proven whether "human" probiotic strains can colonize in the horse's intestine. This will 
confirm the possibility of utilizing bacterial strains selected based on their probiotic properties 
rather than source 115; third, it must be demonstrated whether and to what extent probiotics affect 
horse training performance. This piece of information is much more limited for horses than for 
humans 111. In the present trial, we investigated the possibility to improve the training performance 
of Standardbred horses by using highly concentrated multispecies probiotic formulation specifically 
applied for humans. We measured lactate concentration in horse blood, which is considered as a 
translational outcome largely applied for performance. From a metabolomics perspective, we 
combined this observation with the study of urine to give the body a holistic understanding of the 
response to exercise 116. 
 
Figure 8. Blood lactate concentration in horses before (T0) or after (T1) the administration of 
probiotics (Prob) and placebo (Pbo), and before and after training. White boxes showed samples 
collected at T0 and after placebo treatment as constituting a single group. Grey boxes showed 
samples obtained after probiotic treatment. The above boxes were compared by nonparametric 




Before all training sessions, a similar blood lactate concentration was found. Post-training, 
every horse but those at T1 treated with placebo showed again a similar value of lactate. On 
contrast, horses at T1 under probiotics treatment showed significantly lower post-training a blood 
lactate concentration than the other groups observed post training (Figure 8). 
 
Figure 9. Concentration (mmol/L) of the molecules which concentration pre-training varied because 
of probiotic supplementation. Due to readability, only comparisons with a p-value lower than 0.1 
are reported. The concentration of p-cresol sulfate and 2-hydroxyisovalerate was multiplied by 10 
for the same reasons. * p<0.05. 
 
 
Figure 10. Significant correlations (p < 0.05) with lactate concentration registered post-exercise of 
the significantly different molecules. 
 
The metabolomic investigations of urine before exercise were likely to support that energy 
source related molecules were modified. In particular, trans-aconitate concentration was found to be 
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significantly modified by the probiotic administration and correlated with lactate concentration in 
blood after exercise. Trans-aconitate is endogenously originated through cis-aconitate, as the TCA 
cycle’s intermediates 117. Human similar study has confirmed that urine trans-aconitate 
concentration can be modified by exercise 118. In the current trail, we found the trend of citrate was 
consistent with the one of trans-aconitate. Both of the molecules can provide information about 
Krebs cycle efficiency. In fact, the level of citrate in urine can be regarded as an indirect biomarker 
reflecting horses training status. Indeed, the concentration in mitochondria of citrate synthase 
enzyme can be modulate by endurance training 119, which in turn modifies the levels of TCA 
intermediates. In addition, human studies confirm that trained subjects excrete less citrate through 
urine 120. The trend evidenced for blood triglycerides concentration is likely to give a different 
insight of the same phenomenon. Actually, the decreasing blood triglycerides concentration under 
probiotics supplementation could also be attributed to the accumulation of SCFAs, which can pass 
from the lumen into the bloodstream regulating the fatty acids synthesis balance 121–123. In addition, 
experimental exercise mice and other laboratory animals have also confirmed the similar effect of 
Lactobacillus plantarum 122,124, which could not be supressed occurring in horses. Among the 
molecules quantified by urine metabolomics, the concentrations of sulfone containing metabolites, 
namely taurine, p-cresol sulfate, and dimethyl sulfone were found to be modified by probiotic 
administration. In addition, taurine and p-cresol sulfate were found positively correlated to blood 
lactate concentration after exercise, as shown in Figure 8. Therefore, it’s likely to suggest that sulfur 
metabolism may play a role in the highlighted modifications of energy metabolism. Taurine is 
reported to play a pivotal role in skeletal muscle development 125, its high level excretion in urine 
has even been related to disuse-related muscle atrophy. P-cresol sulfate probably links to body 
inflammatory status, therefore its low concentration in urine seems to be positive. P-cresol sulfate 
excreting through urine entirely is provided by colon bacteria catabolism of food components 126. 
Particularly, in inflammatory bowel disease, its production has been found to be associated with 
disordered bacterial colonization 127. Dimethyl sulfone has been reported to protect horses from 
systemic inflammation linked to exercise injuries 128, likely by exerting a cleaning effect on reacting 


















Chapter 5. The effect of food on human health 
 
This chapter shows two experiments aimed to investigate the effect of food on human 
health, particularly for the treatment of gastrointestinal diseases by probiotics administration. 
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Probiotics administration for the treatment of infantile colic 
Infantile colic is a self-limited and benign process with the characterization of paroxysms of 
inconsolable crying. Approximately 10% to 40% of infants are affected by infantile colic around 
worldwide 129 associated with repeated physician visits and significant parental frustration 130. 
Despite decades of research, as a functional gastrointestinal disorder, it’s still unclear 131. 
Consequently, several treatments have been applied to alleviate this issue 132. Preclinical data and 
recent studies have suggested that new-borns intestinal microbiota changing can affect brain 
signaling systems linked to pain, playing a pathogenetic role of infantile colic 133. Because of this 
reason, probiotics dietary supplementation has been recommended as a possible preventive 134 or 
therapeutic measure 135, by modifying perception centrally. Safety and effects of probiotics are 
highly strain-specific 136,137. Despite data not being solid, till now, only Lactobacillus reuteri DSM 
17938 (L. reuteri) is likely to elevate colic treatment success in meta-analysis studies 138,139 and 
systematic reviews 140,141. L. reuteri did not cause an increasing level of D-lactic acid more than two 
weeks, while D-lactic acidosis in infants under the administration of lactic acid bacteria-containing 
products is still a question mark in prolonged period 140. In pediatric patients, other probiotics, 
which have a good safety profile, have been evaluated for functional gastrointestinal disorders. The 
multi-strain high-concentrated probiotic mixture has been proposed for the treatment of symptoms 
in irritable bowel syndrome (IBS) children 142.  
 
Figure 11. rPCA model built on the basis of molecules whose concentration significantly altered by 
different treatment. In scoreplot A, samples from individuals treated with the probiotics and the 
placebo are represented with circles and squares, respectively. The empty circles showed the 
median value of each group. Barplot B described the correlation between molecule concentrations 
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and their importance along PC 2. Statistically significant correlations were highlighted by grey bars 
(p < 0.05). (Figure 3 in Paper V) 
 
A total of 59 molecules was characterized pertaining to the chemical groups of organic 
acids, monomeric carbohydrates, amino acids and short chain fatty acids. In order to find out the 
potential biomarkers of the effects of probiotic treatment, for each molecule we calculated the T21–
T0 difference on an subject basis, and then we compared the differences through a two-tailed Mann-
Whitney U test. Among all the quantified molecules in feces samples, 12 molecules showed 
statistically significant between the two groups, namely 2-hydroxyisovalerate, alanine, 2-
oxoisocaproate, acetate, 3-methyl-2-oxovalerate, isoleucine, leucine, pyruvate, methylamine, uracil, 
propylene glycol and one peak without proper name. Ten out of twelve molecules showed opposite 
trends between the two groups, with the exceptions of acetate and methylamine.  
To have an overview of such data, we calculated an rPCA model on the concentrations of 
the above molecules, as shown in Figure 11. Taking into consideration of the paired structure of the 
trail, we subtracted the molecule concentrations at timepoint - T0 from every timepoint. Due to this 
reason, in the scoreplot of rPCA model (Figure 11A), the two groups appeared superimposed at T0 
with scores very close to 0 in both PCs. Along PC1, the median scores of both groups showed 
opposite trends at T21. Therefore, such PC allowed us to focus on the changes due to the infants 
growing from a metabolomic point of view. On the contrast, along PC 2, samples in the placebo 
group appeared at positive scores, while probiotic group samples appeared significantly separated 
from the previous (p < 0.01), with negative scores. Consequently, PC 2 seems provided a holistic 
insight of the different responses of infants under the two treatments, evidenced by a molecule-by-
molecule basis. From this point, it is worth to notice that samples at T21 differenced from samples 
at T0 only for infants under probiotics treatment (p < 0.01) along PC 2. As shown in Figure 11B, 
the molecules that contributed mostly to the trends were alanine, 2-hydroxyisovalerate and 2-
oxoisocaproate, increasing only in subjects under the placebo treatment. However, propylene glycol 
showed an increasing trend in subjects under probiotics trentment. 
In the current study, it seems that propylene glycol could be considered as the clearest 
biomarker of individuals under probiotics administration. Propylene glycol is commonly found in 
new-born feces. Interestingly, a higher level of propylene glycol has been reported in the feces of 





Probiotics administration for the treatment of Symptomatic uncomplicated diverticular 
disease (SUDD) 
Colon diverticulosis is regarded as the most common anatomic alteration found by 
colonoscopy 144. Its symptomatic form, namely symptomatic uncomplicated diverticular disease 
(SUDD), affects one-fifth of the people with diverticulosis 144. Although the pathogenesis is not 
completely clear, it has been suggested that a alteration of gut microbiota proportion is a proper 
etiopathogenetic factor in diverticular disease 145. In fact, recent studies indicated that the 
significantly higher diversity of the Proteobacteria phylum was found in fecal samples of patients 
compared to controls 146, however, some Lactobacillaceae, Clostridium clusters and Fusobacterium 
were reduced in symptomatic versus asymptomatic patients 147. In addition, a significant increase 
level of Akkermansia muciniphila in asymptomatic and symptomatic patients comparing to healthy 
controls has been found 148.  
Till now, a few treatments are currently proposed in order to treat symptoms in SUDD 
patients. Particularly, pharmacological treatments, such as mesalazine and rifaximin or fibers and 
probiotics supplements, share some features linked to the ability to change the anti-inflammatory 
activity and intestinal microbiota. However, there is limited knowledge of whether those treatments 
are also able to influence fecal microbiota in connect to metabolome in SUDD patients.  
In the current experiment, 65 molecules could be characterized, and 16 of them showed 
statistically significant between T0 and T1. As many as 6 amino acids and the non-proteinogenic 
amino acid taurine showed significantly different in this comparison. Interestingly, all the 
significant molecules were found to increase along time. Moreover, these trends were also 
confirmed by the T0-T2 and T0-T3 comparisons. The level of formate in fecal samples was found 
to increase after treatments, both immediately and in the long term. On contrast, valerate and its 
derivative 2-hydroxy-3-methylvalerate showed the opposite trend. 
As a consequence, there was an overall trend of fecal metabolome in those patients showing 
in those of symptoms and fecal microbiota. We found that fecal metabolome was clearly modified 
after SUDD treatment, with a trend towards restoration during the experimental period. A few 
concentrations of molecules significantly changed during the follow-up. The presence of ethanol 
has been connected to yeast overgrowth and bacteria synthesis by the Embden-Meyerhof pathway 
at the same time 149. Formate and some aminoacids, among which valine, have been considered as 
substrates for microrganisms fermentation, leading to the production of valerate 150. The increase 
we noticed in concentration of formate and 6 amino acids, paralleled by the decreased concentration 
of valerate, probably to suggest that the conversion of the former in SCFAs is reduced by each of 
the treatments underwent. It is worth to note that the increased consumption of fibers is commonly 
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recognized to be linked to an increase of SCFAs 151. The opposite trend we find in the context is 
therefore coherent with the observation that we here face a different phenomenon, specific to the 
microbiota associated with SUDD. In order to identify such mechanism, it is interesting to 
investigate that SCFAs production from peptides has been found to be depleted, in in-vitro systems, 
by the increase of several saccharides 152. SCFA probably plays therefore a mainstay role in the 
complex metabolic pathway characterizing SUDD patients, as hypothesized in the previous paper 
153 but still not clearly confirmed. Going into detail about the effect of each treatment on the 
modifications of fecal metabolome, we found that mesalazine, probiotic mixture VivoMixx® and 
fibers could modify it deeply in the short term, with a return to the initial levels during the follow-
up. On the contrary, rifaximin was not able to modify significantly fecal metabolome in those 




















This PhD thesis has set up NMR-based SOPs for serum, urine, feces and  meat, which 
helped providing highly replicable and reproducible procedures for the further researches. The 
works devoted to set up SOPs were found also useful in the field of comparative metabolomics, 
because they contributed to enrich open access metabolomic database. Based on this first step, the 
effects of food on animal metabolism could be evaluated by means of 1H-NMR, as the second 
section of the PhD thesis describes. NMR analytical platform resulted as particularly informative in 
revealing the consequences of probiotic supplementation on animal metabolism. This prompted us 
to extend this kind of observations to the connection between food and human health, with a 
specific emphasis on probiotics administration. 
In conclusion, being downstream of genome, transcriptome and proteome, metabolome of a 
host is considered as the best representation of its phenotype. For example, even though the 
microbiota was statistically insignificant before and after the treatment of probiotic for infantile 
colic, we were able to investigate the molecule concentrations variance through a metabolomic 
approach. Among the platforms for metabolomic investigations, 1H-NMR is confirmed as a useful 
tool to provide traceable, reproducible and interoperable quantitative information, which can 

































1.  Nicholson JK, Lindon JC, Holmes E. “Metabonomics”: understanding the metabolic 
responses of living systems to pathophysiological stimuli via multivariate statistical analysis 
of biological NMR spectroscopic data. Xenobiotica. 1999;29(11):1181-1189. 
doi:10.1080/004982599238047 
2.  Baldassarre ME, Di Mauro A, Tafuri S, et al. Effectiveness and safety of a probiotic-mixture 
for the treatment of infantile colic: A double-blind, randomized, placebo-controlled clinical 
trial with fecal real-time PCR and NMR-Based metabolomics analysis. Nutrients. 
2018;10(2). doi:10.3390/nu10020195 
3.  Gowda GAN, Zhang S, Gu H, Asiago V, Shanaiah N, Raftery D. Metabolomics-based 
methods for early disease diagnostics. Expert Rev Mol Diagn. 2008;8(5):617-633. 
doi:10.1586/14737159.8.5.617 
4.  Poli D, Carbognani P, Corradi M, et al. Exhaled volatile organic compounds in patients with 
non-small cell lung cancer: Cross sectional and nested short-term follow-up study. Respir 
Res. 2005;6(1):71. doi:10.1186/1465-9921-6-71 
5.  Zhang Y, Liu J, Zhang D, et al. The yak genome and adaptation to life at high altitude. Nat 
Genet. 2012;44(8):946-949. doi:10.1038/ng.2343 
6.  Beckonert O, Keun HC, Ebbels TMD, et al. Metabolic profiling, metabolomic and 
metabonomic procedures for NMR spectroscopy of urine, plasma, serum and tissue extracts. 
Nat Protoc. 2007;2(11):2692-2703. doi:10.1038/nprot.2007.376 
7.  De Filippis F, Pellegrini N, Vannini L, et al. High-level adherence to a Mediterranean diet 
beneficially impacts the gut microbiota and associated metabolome. Gut. 2016;65(11):1812-
1821. doi:10.1136/gutjnl-2015-309957 
8.  Siroli L, Patrignani F, Serrazanetti DI, et al. Determination of antibacterial and technological 
properties of vaginal lactobacilli for their potential application in dairy products. Front 
Microbiol. 2017;8(7):166. doi:10.3389/fmicb.2017.00166 
9.  Lenz EM, Wilson ID. Analytical strategies in metabonomics. J Proteome Res. 
2007;6(2):443-458. doi:10.1021/pr0605217 
10.  Bertini I, Calabró A, De Carli V, et al. The metabonomic signature of celiac disease. J 
Proteome Res. 2009;8(1):170-177. doi:10.1021/pr800548z 
11.  Parolin C, Foschi C, Laghi L, et al. Insights into vaginal bacterial communities and metabolic 
profiles of Chlamydia trachomatis infection: Positioning between eubiosis and dysbiosis. 
Front Microbiol. 2018;9(MAR):600. doi:10.3389/fmicb.2018.00600 
12.  Miyataka H, Ozaki T, Himeno S. Effect of pH on1H-NMR spectroscopy of mouse urine. 
39 
 
Biol Pharm Bull. 2007;30(4):667-670. doi:10.1248/bpb.30.667 
13.  Xiao C, Hao F, Qin X, Wang Y, Tang H. An optimized buffer system for NMR-based 
urinary metabonomics with effective pH control, chemical shift consistency and dilution 
minimization. Analyst. 2009;134(5):916-925. doi:10.1039/b818802e 
14.  Fujiwara M, Ando I, Arifuku K. Multivariate analysis for 1 H-NMR spectra of two hundred 
kinds of tea in the world. Anal Sci. 2006;22(10):1307-1314. doi:10.2116/analsci.22.1307 
15.  Lee JE, Lee BJ, Chung JO, et al. Geographical and Climatic Dependencies of Green Tea 
(Camellia sinensis) Metabolites: A 1H NMR-Based Metabolomics Study. J Agric Food 
Chem. 2010;58(19):10582-10589. doi:10.1021/jf102415m 
16.  Lee JE, Lee BJ, Hwang JA, et al. Metabolic dependence of green tea on plucking positions 
revisited: A metabolomic study. J Agric Food Chem. 2011;59(19):10579-10585. 
doi:10.1021/jf202304z 
17.  Lee JE, Lee BJ, Chung JO, et al. 1H NMR-based metabolomic characterization during green 
tea (Camellia sinensis) fermentation. Food Res Int. 2011;44(2):597-604. 
doi:10.1016/j.foodres.2010.12.004 
18.  Lee JE, Lee BJ, Chung JO, et al. Metabolomic unveiling of a diverse range of green tea 
(Camellia sinensis) metabolites dependent on geography. Food Chem. 2015;174:452-459. 
doi:10.1016/j.foodchem.2014.11.086 
19.  Fiehn O, Robertson D, Griffin J, et al. The metabolomics standards initiative (MSI). 
Metabolomics. 2007;3(3):175-178. doi:10.1007/s11306-007-0070-6 
20.  Zhu C, Faillace V, Laus F, Bazzano M, Laghi L. Characterization of trotter horses urine 
metabolome by means of proton nuclear magnetic resonance spectroscopy. Metabolomics. 
2018;14(8):106. doi:10.1007/s11306-018-1403-3 
21.  Laghi L, Picone G, Capozzi F. Nuclear magnetic resonance for foodomics beyond food 
analysis. TrAC - Trends Anal Chem. 2014;59:93-102. doi:10.1016/j.trac.2014.04.009 
22.  Jung Y, Lee J, Kwon J, Lee KS, Ryu DH, Hwang GS. Discrimination of the geographical 
origin of beef by 1H NMR-based metabolomics. J Agric Food Chem. 2010;58(19):10458-
10466. doi:10.1021/jf102194t 
23.  Kodani Y, Miyakawa T, Komatsu T, Tanokura M. NMR-based metabolomics for 
simultaneously evaluating multiple determinants of primary beef quality in Japanese Black 
cattle. Sci Rep. 2017;7(1):1-13. doi:10.1038/s41598-017-01272-8 
24.  Ritota M, Casciani L, Failla S, Valentini M. HRMAS-NMR spectroscopy and multivariate 




25.  Zanardi E, Caligiani A, Palla L, et al. Metabolic profiling by 1H NMR of ground beef 
irradiated at different irradiation doses. Meat Sci. 2015;103:83-89. 
doi:10.1016/j.meatsci.2015.01.005 
26.  Hong YS, Ahn YT, Park JC, et al. 1H NMR-based metabonomic assessment of probiotic 
effects in a colitis mouse model. Arch Pharm Res. 2010;33(7):1091-1101. 
doi:10.1007/s12272-010-0716-1 
27.  Martin FPJ, Sprenger N, Montoliu I, Rezzi S, Kochhar S, Nicholson JK. Dietary modulation 
of gut functional ecology studied by fecal metabonomics. J Proteome Res. 2010;9(10):5284-
5295. doi:10.1021/pr100554m 
28.  Foschi C, Laghi L, D’Antuono A, et al. Urine metabolome in women with Chlamydia 
trachomatis infection. PLoS One. 2018;13(3):0194827. doi:10.1371/journal.pone.0194827 
29.  Vázquez-Fresno R, Llorach R, Marinic J, et al. Urinary metabolomic fingerprinting after 
consumption of a probiotic strain in women with mastitis. Pharmacol Res. 2014;87:160-165. 
doi:10.1016/j.phrs.2014.05.010 
30.  Miccheli A, Capuani G, Marini F, et al. Urinary 1 H-NMR-based metabolic profiling of 
children with NAFLD undergoing VSL#3 treatment. Int J Obes. 2015;39(7):1118-1125. 
doi:10.1038/ijo.2015.40 
31.  Lin Y, Ma C, Liu C, et al. NMR-based fecal metabolomics fingerprinting as predictors of 
earlier diagnosis in patients with colorectal cancer. Oncotarget. 2016;7(20):29454-29464. 
doi:10.18632/oncotarget.8762 
32.  Pedersen HK, Gudmundsdottir V, Nielsen HB, et al. Human gut microbes impact host serum 
metabolome and insulin sensitivity. Nature. 2016;535(7612):376-381. 
doi:10.1038/nature18646 
33.  Liu R, Hong J, Xu X, et al. Gut microbiome and serum metabolome alterations in obesity 
and after weight-loss intervention. Nat Med. 2017;23(7):859-868. doi:10.1038/nm.4358 
34.  MacIntyre DA, Jiménez B, Lewintre EJ, et al. Serum metabolome analysis by 1H-NMR 
reveals differences between chronic lymphocytic leukaemia molecular subgroups. Leukemia. 
2010;24(4):788-797. doi:10.1038/leu.2009.295 
35.  Zhang L, Wu J, Wang X, Liu B, Ma B. Isolation of metallothionein genes and in silico 
structural characterization of their proteins Using molecular modeling from Yak (Bos 
grunniens). Biochem Genet. 2012;50(7-8):585-599. doi:10.1007/s10528-012-9503-7 
36.  Shang Z, Liang JB, Long R, Wang H, Ding L, Guo X. Comparison of Nitrogen Metabolism 
in Yak (Bos grunniens) and Indigenous Cattle (Bos taurus) on the Qinghai-Tibetan Plateau. 
Asian-Australasian J Anim Sci. 2011;24(6):766-773. doi:10.5713/ajas.2011.10350 
41 
 
37.  Zhou JW, Liu H, Zhong CL, et al. Apparent digestibility, rumen fermentation, digestive 
enzymes and urinary purine derivatives in yaks and Qaidam cattle offered forage-concentrate 
diets differing in nitrogen concentration. Livest Sci. 2018;208:14-21. 
doi:10.1016/j.livsci.2017.11.020 
38.  Lin YQ, Wang GS, Feng J, et al. Comparison of enzyme activities and gene expression 
profiling between yak and bovine skeletal muscles. Livest Sci. 2011;135(1):93-97. 
doi:10.1016/j.livsci.2010.06.134 
39.  Zhang L, Sun B, Yu Q, et al. The breed and sex effect on the carcass size performance and 
meat quality of yak in different muscles. Korean J Food Sci Anim Resour. 2016;36(2):223-
229. doi:10.5851/kosfa.2016.36.2.223 
40.  Shi XX, Yu QL, Han L, et al. Changes in meat quality characteristics and calpains activities 
in Gannan Yak (Bos grunniens) meat during post mortem ageing. J Anim Vet Adv. 
2013;12(3):363-368. doi:10.3923/javaa.2013.363-368 
41.  Rajagopal K, Oommen GT. Myofibril Fragmentation Index as an Immediate Postmortem 
Predictor of Buffalo Meat Tenderness. J Food Process Preserv. 2015;39(6):1166-1171. 
doi:10.1111/jfpp.12331 
42.  Jia J, Zhang Q, Chen Q, Zhang H, Lin F, Zhao J. Differential expression of proteins in 
Datong Yak and Chaidamu yellow cattle longissimus lumborum muscles and relation to meat 
water holding capacity. Kafkas Univ Vet Fak Derg. 2018;24(5):691-700. 
doi:10.9775/kvfd.2018.19734 
43.  Wen Y, He Q, Ding J, et al. Cow, yak, and camel milk diets differentially modulated the 
systemic immunity and fecal microbiota of rats. Sci Bull. 2017;62(6):405-414. 
doi:10.1016/j.scib.2017.01.027 
44.  Yang Y, Zheng N, Zhao X, et al. Metabolomic biomarkers identify differences in milk 
produced by Holstein cows and other minor dairy animals. J Proteomics. 2016;136:174-182. 
doi:10.1016/j.jprot.2015.12.031 
45.  Ragni L, Berardinelli A, Vannini L, et al. Non-thermal atmospheric gas plasma device for 
surface decontamination of shell eggs. J Food Eng. 2010;100(1):125-132. 
doi:10.1016/j.jfoodeng.2010.03.036 
46.  Qu S, Barrett-Wilt G, Fonseca LM, Rankin SA. A profile of sphingolipids and related 
compounds tentatively identified in yak milk. J Dairy Sci. 2016;99(7):5083-5092. 
doi:10.3168/jds.2015-10431 
47.  Zhang Q, Gong J, Wang X, et al. Molecular cloning, bioinformatics analysis and expression 




48.  Luo XL, Tong ZB, Wei YP, Zhao XQ. Meat characteristics of Qinghai yak and semi-wild 
yak. Anim Sci J. 2006;77(2):230-234. doi:10.1111/j.1740-0929.2006.00342.x 
49.  Chen Y, Wu J, Tu L, et al. 1H-NMR Spectroscopy Revealed Mycobacterium tuberculosis 
Caused Abnormal Serum Metabolic Profile of Cattle. PLoS One. 2013;8(9):e74507. 
doi:10.1371/journal.pone.0074507 
50.  Bertram HC, Yde CC, Zhang X, Kristensen NB. Effect of dietary nitrogen content on the 
urine metabolite profile of dairy cows assessed by nuclear magnetic resonance (NMR)-based 
metabolomics. J Agric Food Chem. 2011;59(23):12499-12505. doi:10.1021/jf204201f 
51.  Escalona EE, Leng J, Dona AC, et al. Dominant components of the Thoroughbred 
metabolome characterised by 1H-nuclear magnetic resonance spectroscopy: A metabolite 
atlas of common biofluids. Equine Vet J. 2015;47(6):721-730. doi:10.1111/evj.12333 
52.  Trabi M, Keller MD, Jonsson NN. NMR-based metabonomics of bovine blood: An 
investigation into the effects of long term storage on plasma samples. Metabolomics. 
2013;9(5):1041-1047. doi:10.1007/s11306-013-0520-2 
53.  Gold A, Johnson T, Costello L. Effects of altitude stress on mitochondrial function. Am J 
Physiol Content. 1973;224(4):946-949. doi:10.1152/ajplegacy.1973.224.4.946 
54.  Triba MN, Santi C, Durand F, et al. The impact of moderate altitude on exercise metabolism 
in recreational sportsmen: a nuclear magnetic resonance metabolomic approach. Appl Physiol 
Nutr Metab. 2017;42(11):1135-1141. doi:10.1139/apnm-2016-0717 
55.  Tissot van Patot MC, Serkova NJ, Haschke M, et al. Enhanced leukocyte HIF-1α and HIF-1 
DNA binding in humans after rapid ascent to 4300 m. Free Radic Biol Med. 
2009;46(11):1551-1557. doi:10.1016/j.freeradbiomed.2009.03.009 
56.  Firth JD, Ebert BL, Ratcliffe PJ. Hypoxic regulation of lactate dehydrogenase A: Interaction 
between hypoxia-inducible factor 1 and cAMP response elements. J Biol Chem. 
1995;270(36):21021-21027. doi:10.1074/jbc.270.36.21021 
57.  Banchero N. Cardiovascular Responses To Chronic Hypoxia. Annu Rev Physiol. 
2002;49(1):465-476. doi:10.1146/annurev.physiol.49.1.465 
58.  Jacobs DM, Deltimple N, van Velzen E, et al. 1H NMR metabolite profiling of feces as a 
tool to assess the impact of nutrition on the human microbiome. NMR Biomed. 
2008;21(6):615-626. doi:10.1002/nbm.1233 
59.  Liang G, Chen Y, Guan LL, Kong RSG, Stothard P. Transcriptome profiling of the rumen 




60.  Zhang Z, Xu D, Wang L, et al. Convergent Evolution of Rumen Microbiomes in High-
Altitude Mammals. Curr Biol. 2016;26(14):1873-1879. doi:10.1016/j.cub.2016.05.012 
61.  Graf GC, Petersen WE. Changes in Respiration and Heart Rates, Body Temperatures, Plasma 
Lactic Acid Levels and Plasma Creatinine Levels Caused by Stress in Dairy Cattle. J Dairy 
Sci. 1953;36(10):1036-1048. doi:10.3168/jds.s0022-0302(53)91595-1 
62.  Kaur T, Mazumder A, Gandhi S, Khushu S, Koundal S. “Omics” of High Altitude Biology: 
A Urinary Metabolomics Biomarker Study of Rats Under Hypobaric Hypoxia. Omi A J 
Integr Biol. 2015;19(12):757-765. doi:10.1089/omi.2015.0155 
63.  Vercoe JE. Urinary allantoin excretion and digestible dry-matter intake in cattle and buffalo. 
J Agric Sci. 1976;86(3):613-615. doi:10.1017/S0021859600061189 
64.  Lawrie RA, Pomeroy RW, Williams DR. Studies in the muscles of meat animals. IV. 
Comparative composition of muscles from ‘doppelender’ and normal sibling heifers. J Agric 
Sci. 1964;62(1):89-92. doi:10.1017/S0021859600059827 
65.  Rao M V., Gault NFS. The influence of fibre-type composition and associated biochemical 
characteristics on the acid buffering capacities of several beef muscles. Meat Sci. 
1989;26(1):5-18. doi:10.1016/0309-1740(89)90053-3 
66.  Flores M, Alasnier C, Aristoy MC, Navarro JL, Gandemer G, Toldrá F. Activity of 
aminopeptidase and lipolytic enzymes in five skeletal muscles with various oxidative 
patterns. J Sci Food Agric. 1996;70(1):127-130. doi:10.1002/(SICI)1097-
0010(199601)70:1<127::AID-JSFA475>3.0.CO;2-9 
67.  Suzuki Y, Ito O, Mukai N, Takahashi H, Takamatsu K. High level of skeletal muscle 
carnosine contributes to the latter half of exercise performance during 30-s maximal cycle 
ergometer sprinting. Jpn J Physiol. 2002;52(2):199-205. doi:10.2170/jjphysiol.52.199 
68.  Aristoy MC, Toldrá F. Histidine dipeptides HPLC-based test for the detection of mammalian 
origin proteins in feeds for ruminants. Meat Sci. 2004;67(2):211-217. 
doi:10.1016/j.meatsci.2003.10.008 
69.  Mora L, Sentandreu MÁ, Toldrá F. Contents of creatine, creatinine and carnosine in porcine 
muscles of different metabolic types. Meat Sci. 2008;79(4):709-715. 
doi:10.1016/j.meatsci.2007.11.002 
70.  Ma D, Kim YHB, Cooper B, et al. Metabolomics Profiling to Determine the Effect of 
Postmortem Aging on Color and Lipid Oxidative Stabilities of Different Bovine Muscles. J 
Agric Food Chem. 2017;65(31):6708-6716. doi:10.1021/acs.jafc.7b02175 
71.  Odessey R, Khairallah EA, Goldbert AL. Origin and possible significance of alanine 
production by skeletal muscle. J Biol Chem. 1974;249(23):7623-7629. 
44 
 
72.  Goldstein L, Newsholme EA. The formation of alanine from amino acids in diaphragm 
muscle of the rat. Biochem J. 1976;154(2):555-558. doi:10.1042/bj1540555 
73.  Boldyrev A, Abe H. Metabolic transformation of neuropeptide carnosine modifies its 
biological activity. Cell Mol Neurobiol. 1999;19(1):163-175. doi:10.1023/A:1006914028195 
74.  Watanabe A, Tsuneishi E, Takimoto Y. Analysis of ATP and Its Breakdown Products in 
Beef by Reversed‐Phase HPLC. J Food Sci. 1989;54(5):1169-1172. doi:10.1111/j.1365-
2621.1989.tb05948.x 
75.  DANNERT RD, PEARSON AM. Concentration of Inosine 5′‐Monophosphate in Meat. J 
Food Sci. 1967;32(1):49-52. doi:10.1111/j.1365-2621.1967.tb01955.x 
76.  Koutsidis G, Elmore JS, Oruna-Concha MJ, Campo MM, Wood JD, Mottram DS. Water-
soluble precursors of beef flavour. Part II: Effect of post-mortem conditioning. Meat Sci. 
2008;79(2):270-277. doi:10.1016/j.meatsci.2007.09.010 
77.  Nahm KH. Efficient feed nutrient utilization to reduce pollutants in poultry and swine 
manure. Crit Rev Environ Sci Technol. 2002;32(1):1-16. doi:10.1080/10643380290813435 
78.  Zuidhof MJ, Schneider BL, Carney VL, Korver DR, Robinson FE. Growth, efficiency, and 
yield of commercial broilers from 1957, 1978, and 2005. Poult Sci. 2014;93(12):2970-2982. 
doi:10.3382/ps.2014-04291 
79.  Fernandes JIM, Murakami AE. Arginine metabolism in uricotelic species. Acta Sci - Anim 
Sci. 2010;32(4):357-366. doi:10.4025/actascianimsci.v32i4.10990 
80.  Khajali F, Wideman RF. Dietary arginine: Metabolic, environmental, immunological and 
physiological interrelationships. Worlds Poult Sci J. 2010;66(4):751-766. 
doi:10.1017/S0043933910000711 
81.  Fouad AM, El-Senousey HK, Yang XJ, Yao JH. Role of dietary L-arginine in poultry 
production. Int J Poult Sci. 2012;11(11):718-729. doi:10.3923/ijps.2012.718.729 
82.  Tamir H, Ratner S. Enzymes of arginine metabolism in chicks. Arch Biochem Biophys. 
1963;102(2):249-258. doi:10.1016/0003-9861(63)90178-4 
83.  Balnave D, Barke J. Re-evaluation of the classical dietary arginine:lysine interaction for 
modern poultry diets: a review. Worlds Poult Sci J. 2002;58(3):275-289. 
doi:10.1079/wps20020021 
84.  Rueda E, Michelangeli C, Gonzalez-Mujica F. L-Canavanine inhibits L-arginine uptake by 
broiler chicken intestinal brush border membrane vesicles. Br Poult Sci. 2003;44(4):620-625. 
doi:10.1080/00071660310001618299 
85.  Escobar J, Frank JW, Suryawan A, et al. Physiological rise in plasma leucine stimulates 
muscle protein synthesis in neonatal pigs by enhancing translation initiation factor activation. 
45 
 
Am J Physiol - Endocrinol Metab. 2005;288(5):914-921. doi:10.1152/ajpendo.00510.2004 
86.  Baéza E, Jégou M, Gondret F, et al. Pertinent plasma indicators of the ability of chickens to 
synthesize and store lipids. J Anim Sci. 2015;93(1):107-116. doi:10.2527/jas.2014-8482 
87.  Fouad AM, El-Senousey HK, Yang XJ, Yao JH. Dietary L-arginine supplementation reduces 
abdominal fat content by modulating lipid metabolism in broiler chickens. Animal. 
2013;7(8):1239-1245. doi:10.1017/S1751731113000347 
88.  Wu LY, Fang YJ, Guo XY. Dietary l-arginine supplementation beneficially regulates body 
fat deposition of meat-type ducks. Br Poult Sci. 2011;52(2):221-226. 
doi:10.1080/00071668.2011.559452 
89.  Newsholme P, Lima MMR, Procopio J, et al. Glutamine and glutamate as vital metabolites. 
Brazilian J Med Biol Res. 2003;36(2):153-163. doi:10.1590/S0100-879X2003000200002 
90.  Wu G, Bazer FW, Burghardt RC, et al. Proline and hydroxyproline metabolism: Implications 
for animal and human nutrition. Amino Acids. 2011;40(4):1053-1063. doi:10.1007/s00726-
010-0715-z 
91.  Sturkie’s Avian Physiology.; 2015. doi:10.1016/c2012-0-02488-x 
92.  Phang JM, Pandhare J, Liu Y. The Metabolism of Proline as Microenvironmental Stress 
Substrate. J Nutr. 2008;138(10):2008S-2015S. doi:10.1093/jn/138.10.2008s 
93.  Phang JM, Liu W, Zabirnyk O. Proline Metabolism and Microenvironmental Stress. Annu 
Rev Nutr. 2010;30(1):441-463. doi:10.1146/annurev.nutr.012809.104638 
94.  McConell GK, Shinewell J, Stephens TJ, Stathis CG, Canny BJ, Snow RJ. Creatine 
supplementation reduces muscle inosine monophosphate during endurance exercise in 
humans. Med Sci Sports Exerc. 2005;37(12):2054-2061. 
doi:10.1249/01.mss.0000179096.03129.a4 
95.  Bishop D. Dietary supplements and team-sport performance. Sport Med. 2010;40(12):995-
1017. doi:10.2165/11536870-000000000-00000 
96.  Eltzschig HK, Faigle M, Knapp S, et al. Endothelial catabolism of extracellular adenosine 
during hypoxia: The role of surface adenosine deaminase and CD26. Blood. 
2006;108(5):1602-1610. doi:10.1182/blood-2006-02-001016 
97.  Hack B, Witting PK, Rayner BS, Stocker R, Headrick JP. Oxidant stress and damage in post-
ischemic mouse hearts: Effects of adenosine. Mol Cell Biochem. 2006;287(1-2):165-175. 
doi:10.1007/s11010-005-9093-3 
98.  Wallner S, Hermetter A, Mayer B, Wascher TC. The alpha-amino group of L-arginine 




99.  Pyne DB, West NP, Cox AJ, Cripps AW. Probiotics supplementation for athletes – Clinical 
and physiological effects. Eur J Sport Sci. 2015;15(1):63-72. 
doi:10.1080/17461391.2014.971879 
100.  West NP, Pyne DB, Cripps AW, et al. Lactobacillus fermentum (PCC) supplementation and 
gastrointestinal and respiratory-tract illness symptoms: A randomised control trial in athletes. 
Nutr J. 2011;10(1):30. doi:10.1186/1475-2891-10-30 
101.  Wallace TC, Guarner F, Madsen K, et al. Human gut microbiota and its relationship to health 
and disease. Nutr Rev. 2011;69(7):392-403. doi:10.1111/j.1753-4887.2011.00402.x 
102.  Gleeson M, Bishop NC, Oliveira M, Tauler P. Daily probiotic’s (Lactobacillus casei Shirota) 
reduction of infection incidence in athletes. Int J Sport Nutr Exerc Metab. 2011;21(1):55-64. 
doi:10.1123/ijsnem.21.1.55 
103.  Kekkonen RA, Vasankari TJ, Vuorimaa T, Haahtela T, Julkunen I, Korpela R. The effect of 
probiotics on respiratory infections and gastrointestinal symptoms during training in 
marathon runners. Int J Sport Nutr Exerc Metab. 2007;17(4):352-363. 
doi:10.1123/ijsnem.17.4.352 
104.  Lamprecht M, Bogner S, Schippinger G, et al. Probiotic supplementation affects markers of 
intestinal barrier, oxidation, and inflammation in trained men; a randomized, double-blinded, 
placebo-controlled trial. J Int Soc Sports Nutr. 2012;9(1):45. doi:10.1186/1550-2783-9-45 
105.  Martarelli D, Verdenelli MC, Scuri S, et al. Effect of a probiotic intake on oxidant and 
antioxidant parameters in plasma of athletes during intense exercise training. Curr Microbiol. 
2011;62(6):1689-1696. doi:10.1007/s00284-011-9915-3 
106.  West NP, Horn PL, Pyne DB, et al. Probiotic supplementation for respiratory and 
gastrointestinal illness symptoms in healthy physically active individuals. Clin Nutr. 
2014;33(4):581-587. doi:10.1016/j.clnu.2013.10.002 
107.  Art T, Votion D, McEntee K, et al. Cardio-respiratory, haematological and biochemical 
parameter adjustments to exercise: Effect of a probiotic in horses during training. Vet Res. 
1994;25(4):361-370. 
108.  Garcia TR, de Rezende ASC, Trigo P, et al. Effects of supplementation with Saccharomyces 
cerevisiae and aerobic training on physical performance of Mangalarga Marchador mares. 
Rev Bras Zootec. 2015;44(1):22-26. doi:10.1590/S1806-92902015000100004 
109.  Glade MJ. Effects of dietary yeast culture supplementation during the conditioning period on 
equine exercise physiology. J Equine Vet Sci. 1990;10(6):434-443. doi:10.1016/S0737-
0806(06)80140-1 
110.  de Rezende ASC, Trigo P, Lana ÂMQ, Santiago JM, Silva VP, Montijano FC. Leveduras 
47 
 
como aditivo nutricional para cavalos em treinamento. Cienc e Agrotecnologia. 
2012;36(3):354-362. doi:10.1590/S1413-70542012000300012 
111.  Schoster A, Weese JS, Guardabassi L. Probiotic Use in Horses - What is the Evidence for 
Their Clinical Efficacy? J Vet Intern Med. 2014;28(6):1640-1652. doi:10.1111/jvim.12451 
112.  Costa MC, Arroyo LG, Allen-Vercoe E, et al. Comparison of the fecal microbiota of healthy 
horses and horses with colitis by high throughput sequencing of the V3-V5 region of the 16s 
rRNA gene. PLoS One. 2012;7(7). doi:10.1371/journal.pone.0041484 
113.  Dougal K, Harris PA, Edwards A, et al. A comparison of the microbiome and the 
metabolome of different regions of the equine hindgut. FEMS Microbiol Ecol. 
2012;82(3):642-652. doi:10.1111/j.1574-6941.2012.01441.x 
114.  Dougal K, de la Fuente G, Harris PA, Girdwood SE, Pinloche E, Newbold CJ. Identification 
of a Core Bacterial Community within the Large Intestine of the Horse. PLoS One. 
2013;8(10). doi:10.1371/journal.pone.0077660 
115.  Rinkinen M, Westermarck E, Salminen S, Ouwehand AC. Absence of host specificity for in 
vitro adhesion of probiotic lactic acid bacteria to intestinal mucus. Vet Microbiol. 2003;97(1-
2):55-61. doi:10.1016/S0378-1135(03)00183-4 
116.  Daskalaki E, Blackburn G, Kalna G, Zhang T, Anthony N, Watson DG. A Study of the 
effects of exercise on the urinary metabolome using normalisation to individual metabolic 
output. Metabolites. 2015;5(1):119-139. doi:10.3390/metabo5010119 
117.  Geiser E, Przybilla SK, Friedrich A, et al. Ustilago maydis produces itaconic acid via the 
unusual intermediate trans-aconitate. Microb Biotechnol. 2016;9(1):116-126. 
doi:10.1111/1751-7915.12329 
118.  Pechlivanis A, Kostidis S, Saraslanidis P, et al. 1H NMR-based metabonomic investigation 
of the effect of two different exercise sessions on the metabolic fingerprint of human urine. J 
Proteome Res. 2010;9(12):6405-6416. doi:10.1021/pr100684t 
119.  Scott CB, Roby FB, Lohman TG, Bunt JC. The maximally accumulated oxygen deficit as an 
indicator of anaerobic capacity. Med Sci Sports Exerc. 1991;23(5):618-624. 
doi:10.1249/00005768-199105000-00015 
120.  López BD, Martínez PN, Rodríguez ED, Bas JS, Terrados N. Urine melatonin and citrate 
excretion during the elite swimmers’ training season. Eur J Appl Physiol. 2010;110(3):549-
555. doi:10.1007/s00421-010-1537-0 
121.  Bull-Otterson L, Feng W, Kirpich I, et al. Metagenomic Analyses of Alcohol Induced 
Pathogenic Alterations in the Intestinal Microbiome and the Effect of Lactobacillus 
rhamnosus GG Treatment. PLoS One. 2013;8(1). doi:10.1371/journal.pone.0053028 
48 
 
122.  Chen CN, Liao Y-H, Lin S-Y, et al. Diet-induced obesity accelerates blood lactate 
accumulation of rats in response to incremental exercise to maximum. Am J Physiol Regul 
Integr Comp Physiol. 2017:R601-R607. doi:10.1152/ajpregu.00337.2016 
123.  Ge H, Li X, Weiszmann J, et al. Activation of G protein-coupled receptor 43 in adipocytes 
leads to inhibition of lipolysis and suppression of plasma free fatty acids. Endocrinology. 
2008;149(9):4519-4526. doi:10.1210/en.2008-0059 
124.  Niamah AK, Sahi AA, Al-Sharifi ASN. Effect of Feeding Soy Milk Fermented by Probiotic 
Bacteria on Some Blood Criteria and Weight of Experimental Animals. Probiotics 
Antimicrob Proteins. 2017;9(3):284-291. doi:10.1007/s12602-017-9265-y 
125.  De Luca A, Pierno S, Camerino DC. Taurine: the appeal of a safe amino acid for skeletal 
muscle disorders. J Transl Med. 2015;13(1):243. doi:10.1186/s12967-015-0610-1 
126.  Evenepoel P, Meijers BKI, Bammens BRM, Verbeke K. Uremic toxins originating from 
colonic microbial metabolism. Kidney Int. 2009;76(SUPPL. 114). doi:10.1038/ki.2009.402 
127.  Frank DN, St Amand AL, Feldman RA, Boedeker EC, Harpaz N, Pace NR. Molecular-
phylogenetic characterization of microbial community imbalances in human inflammatory 
bowel diseases. Proc Natl Acad Sci U S A. 2007;104(34):13780-13785. 
doi:10.1073/pnas.0706625104 
128.  Marãn G, Mũoz-Escassi B, Manley W, et al. The effect of methyl sulphonyl methane 
supplementation on biomarkers of oxidative stress in sport horses following jumping 
exercise. Acta Vet Scand. 2008;50(1):45. doi:10.1186/1751-0147-50-45 
129.  Lucassen PLBJ, Assendelft WJJ, Van Eijk JTM, Gubbels JW, Douwes AC, Van Geldrop 
WJ. Systematic review of the occurrence of infantile colic in the community. Arch Dis Child. 
2001;84(5):398-403. doi:10.1136/adc.84.5.398 
130.  Pace CA. Infantile Colic: What to Know for the Primary Care Setting. Clin Pediatr (Phila). 
2017;56(7):616-618. doi:10.1177/0009922816664062 
131.  Hyman PE, Milla PJ, Benninga MA, Davidson GP, Fleisher DF, Taminiau J. Childhood 
Functional Gastrointestinal Disorders: Neonate/Toddler. Gastroenterology. 
2006;130(5):1519-1526. doi:10.1053/j.gastro.2005.11.065 
132.  Halpern R, Coelho R. Excessive crying in infants. J Pediatr (Rio J). 2016;92(3):S40-S45. 
doi:10.1016/j.jped.2016.01.004 
133.  Camilleri M, Park SY, Scarpato E, Staiano A. Exploring hypotheses and rationale for causes 
of infantile colic. Neurogastroenterol Motil. 2017;29(2). doi:10.1111/nmo.12943 
134.  Indrio F, Di Mauro A, Riezzo G, Panza R, Cavallo L, Francavilla R. Prevention of functional 




135.  Savino F, Ceratto S, De Marco A, Cordero Di Montezemolo L. Looking for new treatments 
of Infantile Colic. Ital J Pediatr. 2014;40(1). doi:10.1186/1824-7288-40-53 
136.  Cardile S, Alterio T, Arrigo T, Salpietro C. Role of prebiotics and probiotics in pediatric 
diseases. Minerva Pediatr. 2016;68(6):487-497. 
137.  Barnes D, Yeh AM. Bugs and guts: Practical applications of probiotics for gastrointestinal 
disorders in children. Nutr Clin Pract. 2015. doi:10.1177/0884533615610081 
138.  Sung V, D’Amico F, Cabana MD, et al. Lactobacillus reuteri to treat infant colic: A meta-
analysis. Pediatrics. 2018. doi:10.1542/peds.2017-1811 
139.  Xu M, Wang J, Wang N, Sun F, Wang L, Liu XH. The efficacy and safety of the probiotic 
bacterium Lactobacillus reuteri DSM 17938 for infantile colic: A meta-analysis of 
randomized controlled trials. PLoS One. 2015;10(10). doi:10.1371/journal.pone.0141445 
140.  Guarino A, Canani RB. Probiotics in Childhood Diseases: From Basic Science to Guidelines 
in 20 Years of Research and Development. J Pediatr Gastroenterol Nutr. 2016;63:S1-S2. 
doi:10.1097/MPG.0000000000001220 
141.  Anabrees J, Indrio F, Paes B, AlFaleh K. Probiotics for infantile colic: A systematic review. 
BMC Pediatr. 2013;13(1):186. doi:10.1186/1471-2431-13-186 
142.  Guandalini S, Magazzù G, Chiaro A, et al. VSL#3 improves symptoms in children with 
irritable bowel Syndrome: A multicenter, randomized, placebo-controlled, double-blind, 
crossover study. J Pediatr Gastroenterol Nutr. 2010;51(1):24-30. 
doi:10.1097/MPG.0b013e3181ca4d95 
143.  Chow J, Panasevich MR, Alexander D, et al. Fecal metabolomics of healthy breast-fed 
versus formula-fed infants before and during in vitro batch culture fermentation. J Proteome 
Res. 2014;13(5):2534-2542. doi:10.1021/pr500011w 
144.  Strate LL, Modi R, Cohen E, Spiegel BMR. Diverticular disease as a chronic illness: 
Evolving epidemiologic and clinical insights. Am J Gastroenterol. 2012;107(10):1486-1493. 
doi:10.1038/ajg.2012.194 
145.  Daniels L, Philipszoon LE, Boermeester MA. A hypothesis: Important role for gut 
microbiota in the etiopathogenesis of diverticular disease. Dis Colon Rectum. 
2014;57(4):539-543. doi:10.1097/DCR.0000000000000078 
146.  Daniels L, Budding AE, de Korte N, et al. Fecal microbiome analysis as a diagnostic test for 
diverticulitis. Eur J Clin Microbiol Infect Dis. 2014;33(11):1927-1936. doi:10.1007/s10096-
014-2162-3 
147.  Barbara G, Scaioli E, Barbaro MR, et al. Gut microbiota, metabolome and immune 
50 
 
signatures in patients with uncomplicated diverticular disease. Gut. 2017;66(7):1252-1261. 
doi:10.1136/gutjnl-2016-312377 
148.  Tursi A, Mastromarino P, Capobianco D, et al. Assessment of fecal microbiota and fecal 
metabolome in symptomatic uncomplicated diverticular disease of the colon. In: Journal of 
Clinical Gastroenterology. Vol 50. ; 2016:S9-S12. doi:10.1097/MCG.0000000000000626 
149.  Garner CE, Smith S, de Lacy Costello B, et al. Volatile organic compounds from feces and 
their potential for diagnosis of gastrointestinal disease. FASEB J. 2007;21(8):1675-1688. 
doi:10.1096/fj.06-6927com 
150.  Blaut M, Clavel T. Metabolic Diversity of the Intestinal Microbiota: Implications for Health 
and Disease. J Nutr. 2007;137(3):751S-755S. doi:10.1093/jn/137.3.751s 
151.  Cummings JH, Pomare EW, Branch HWJ, Naylor CPE, MacFarlane GT. Short chain fatty 
acids in human large intestine, portal, hepatic and venous blood. Gut. 1987;28(10):1221-
1227. doi:10.1136/gut.28.10.1221 
152.  Mortensen PB, Holtug K, Rasmussen HS. Short-chain fatty acid production from mono- and 
disaccharides in a fecal incubation system: Implications for colonic fermentation of dietary 
fiber in humans. J Nutr. 1988;118(3):321-325. doi:10.1093/jn/118.3.321 
153.  Tursi A, Elisei W, Picchio M, Giorgetti GM, Brandimarte G. Moderate to severe and 
prolonged left lower-abdominal pain is the best symptom characterizing symptomatic 
uncomplicated diverticular disease of the colon: A comparison with fecal calprotectin in 
clinical setting. J Clin Gastroenterol. 2015;49(3):218-221. 
doi:10.1097/MCG.0000000000000094 
 
 
  
 
 
